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Magnetic properties of cobalt clusters embedded in a copper matrix
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The magnetic properties of Goclusters N=1, 13, 19, and 48embedded in copper matrix are studied
using the discrete-variational local-spin-density-functional method and embedded cluster models. Single Co
atom in Cu is found to be nonmagnetic, while all the rest Co clusters in Cu are still magnetic with reduced
moments. Cu atoms in granular Co/Cu system reveal similar spin polarizations to Cu atoms in Co/Cu multi-
layers as manifested in recent x-ray magnetic circular dichroism measuref®4163-18207)03406-1

I. INTRODUCTION tance(GMR) is not restricted to multilayered systems; it is

. ¢l h b h bi £ wid also present in many magnetic granular systems consisting of
Transition-metal clusters have been the subject of widejy niscible heterogeneous elements such as coréu,

spread investigations in recent ye&rghis is not only be- Fe/Cu'® Co/Ag**® Co/Aul® etc., wherein ferromagnetic
cause such clusters may serve as models for understandip@rticles are embedded in a nonmagnetic matrix and the
localized effects in metals, but also because their intrinSiGMR in such systems were reported to be dependent on the
electronic, optical, magnetic, and structural properties are afize of the magnetic particles, local magnetization of ferro-
fundamental importance in exploring new cluster-based mamagnetic entities and the angle that the local magnetization
terials with tailored propertie%. vector of ferromagnetic particles made with the direction of
Many theoretical calculations and experimental measurethe applied field> Therefore, it is of great importance to
ments have been made for free cobalt clusters. Experime@xtend our knowledge on free ferromagnetic clusters to the
tally, various sizes of cobalt clusters have been generated iBftuations where these clusters are embedded in an environ-
laser vaporization technique and their mass spectra, ioniz&?€nt- Comparison between the behaviors of the free and
tion potentials, magnetic moments, and reactivity towarcMpedded clusters would contribute much to the understand-
small gaseous molecules have been meastre@iheoreti- Ing of the specific properties of these mate.rlals'. o
cally, Khanna and Linderoffdemonstrated that the magnetic ' thiS paper, we reported a comprehensive first-principles
properties of the Cgq clusters can be well characterized with _study on the C.Q (_:Iusters N=1,13, 19, and 4)8embedded
the superparamagnetic model; bt al’ made a discrete- in copper matrix in the h_ope to explore the influence of the
variational local-spin-density-functionsDV-LSD) study on ~ CU matrix on the magnetic moments of the Cdusters. To

the electronic and magnetic properties of (CdN=4, 6, 13, our knowledge, therg are only a few theoretical studies .
and 19 with interatomic distance taken to be the bulk value;devOtecj to such subjects to date. We chose Cu as the matrix

while Miura et al® employed the same method to study thebecause mugh work hgs been focu;ed on the GMR and re-

magnetic properties of an octahedral Gand an octahedral I_ated magnetic properties of nonmultilayered as well as mul-

as well as icosahedral Gg clusters with optimized bond t|Iay_ered Co/Cu and F_e/Cu systems, a_nd hanoscale C.:O or Fe

lengths. All of these studies have shown that the clustergamd?s can be obtained W_'th ease in the Cu matrix. The

possess enhanced magnetic moments over the bulk value arﬂa.per is arranged as follows: Fhe cI.uster merIs and compu-

the surface atoms of the clusters are more magnetic than t tlonal'parameters are degcrlbed n SPTC' Il; our results a’Fd

inner atoms. Iscussions are presented in Sec. lll; finally, a summary is
For most technological applications, the properties of emdivenin Sec. IV.

bedded clusters are more important than free ones since they Il. CLUSTER MODELS AND COMPUTATIONAL

are related to the granular or island geometrical arrangements PARAMETERS

observed in granular systems, overlayers, sandwiches, and

multilayers. For example, recent experimental works on non- As is well known, the band theories rely on translational

multilayered systems demonstrated that giant magnetoresisymmetry and are difficult to be used to treat a small particle
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TABLE I. Mulliken populations, net charge, local magnetic momeints.g) for atoms at different shells,
and total moments of the clusters. The number of atoms for each shell is given in parentheses. The signs of
the moments are given relative to the polarization of the central Co atom for all clusters.

Charge Net Local moment Total
3d 4s 4p charge K| 4s 4p moment
Coy3 centefl) 7.71 0.83 0.08 0.38 1.17 -0.06 0.58 27
2nd12) 748 091 064 -0.03 2.06 0.06 -0.01
Coyg centefl) 7.67 053 0.01 0.79 1.72 —-0.04 0.21 37

2nd12) 748 081 096 -025  1.91 0.04 —0.09
3rd6)  7.42 081 040  0.37 211 -001 0.5
Cous centetl) 7.27 060 143 -030 166 —0.08 —0.14 91
2nd12) 740 055 128 -023 177 -004 0.3
3rd6) 7.35 0.85 124 -044 210 —0.05 —0.06
4th(24) 739 083 053  0.25 2.27 0.05 0.04
Cuys centetl) 976 021 076  0.27 0.00 0.00 000 -3
2nd12 981 052 116 -049 -001 000 —0.03
3rd6)  9.86 060 073 -0.19  0.00 0.00 -0.13
4th(24) 9.88 071 013  0.28 0.00 —0.07  0.00
CoCuy, centefl) 7.39 010 057  0.94 0.06 0.00 000 -1
2nd12) 981 055 125 —0.61  0.00 0.00 —0.02
3rd6) 9.86 0.62 062 -0.10  0.00 0.00 —0.05
4th(24) 9.88 071 013  0.28 0.00 —0.02  0.00
CoCuzp  centefl) 7.48 065 039  0.48 115 -0.07 024 23
2nd12) 742 052 130 -024 178 0.00 0.00
3rd6) 9.83 071 102 -056 004 -005 —0.13
4th(24) 9.87 070 019  0.24 0.02 0.03 0.00
CoiCup,  centefl) 7.43 063 084  0.10 120 -008 0.3 35
2nd12) 743 054 130 -027 170 -0.03  0.00
3rde) 7.37 075 104 -016  2.17 0.00 0.10
4th(24) 9.86 0.73 025  0.17 0.03 0.00 -0.02
CoiCu;,  centefl) 7.25 072 170 -067 186 —0.07 —0.09 81
2nd12) 744 050 125 -0.19 146 -005  0.06
3rde)  7.40 075 097 -012 205 —0.08 —0.10
4th(24)  7.41 074 066  0.19 2.12 0.00 0.02
5th(12 9.85 083 039 -007 003 -0.06 —0.06

of a metal in a host where a very large supercell is requiredtential field of several hundred of Cu atoms of the external
Since the magnetic property of the granular particle in a mapart of the crystal, so as to diminish spurious effects of simu-
trix is determined dominantly by its local environment, we lating the solid by cluster mode 20

can conveniently treat the local problem with a first- We used the same DV-LSD method as difial’ and
principles embedded cluster method, which considers severaliura et al® in the calculations for our embedded clusters.
shells of host atoms surrounding the impurity particle as arhis method has been applied successfully to study the mag-
cluster, with the effect of the rest host atoms on the clustenetic and structural properties of many metal clusters and
taken into account in an embedded scheme, to simulate thgulk systems®?! As it has been described in detail
environment of the impurity in bulk host. In the presentelsewheré®?° no further description will be given here.
study, we have considered several octahedty]) (clusters  Briefly, the DV-LSD method is a kind of molecular orbital

of 43 or 55 atoms, namely, G€u,3 n (N=1, 13, 19 and  calculation method based on the LSD the®tyThe elec-
Co43Cuy, which consist of a central Co atom coordinated bytronic structures of the clusters are obtained by solving the
several shells of Co or Cu atoms in fcc geometry, to repreKohn-Shami® equations self-consistently in the spin-
sent the granular particles of GdN=1, 13, 19, and 48in polarized scheme and the magnetic properties of the clusters
fcc Cu matrix. The geometrical parameters for these clustersan be obtained via the Mulliken spin population analysis.
are chosen as follows. The Co-Cu distance is taken to be thEhe self-consistent chargé€SCQO schemé& and the von
average of the bulk Co and Cu for all clusters. The Co-CaBarth-Hedirf* exchange-correlation potential parametrized
distances for th®;, Co;4Cuzy andOy, Co,4Cu,, clusters are by Moruzziet al? are adopted in present calculation. In the
taken to be those optimized by Miuret al. for free Oy, embedded cluster scheme, the charge density of the embed-
Co,3 and Oy, Coqq clusters, respectively, while it assumes ding atoms that penetrates the cluster region is added to the
the bulk value for the®y, Co,5Cu;, cluster. In our embedded cluster density to construct the Kohn-Sham Hamiltonian.
scheme, the 43- or 55-atom clusters are emerged in the pdhe numerical atomic orbitals are used as the variational
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which are taken to be the same as those in corresponding
embedded clusters. As seen in Table |, we obtained the same
values of the total magnetic moments as Miateal® for

both the Cqs and the Cqq clusters. Liet al.” have obtained

a similar moment of 27.43z for their O, Co45 cluster with

the bulk bond length. The small nonintegral difference in
Li’s result from ours for theD,, Co,5 cluster arises not from
their longer bond length, but from their thermal smearing of
the occupation of the levels used to accelerate the iteration
convergence. For th®, Coy, cluster, Liet al.” obtained a
moment of 4g, which is larger by 45 than the result of
Miura et al. and ours, indicating the significant bond-length
dependence of the cluster moment. For the freg;Cluster,

we obtained a total moment of g%, or 2.12ug/atom,
R ‘ ‘ which is close to the experimental value of 2u3@atom
160 -120 80 40 0.0 40 obtained by using the superparamagnetic model for small
cobalt clusters.

We start with discussing the local magnetism of single Co
impurity in Cu matrix, which has been a subject of extensive
theoretical and experimental investigations. Podloucky
et al3*3* have made self-consistent LSD calculations on the
magnetic moment of Co impurity in dilute CoCu alloy with

basis set to construct the molecular orbitals, which consist® Korringa-Kohn-Rostoker (KKR) = Green’s  function
of the 3, 4s, and 4 orbitals for both Co and Cu atoms of method in two schemes. In the single-site calculati®80

the clusters, with the core orbitalds-3p) of the cluster schemé?’ they found Co to be nonmagnetic. In an improved
atoms and all orbitals of the embedding atoms treated aSnPurity-cluster calculation(ICC) schemé’! however, they
frozen after the first iteration cycle. Using about 400 sam-°btained a local moment of 0.2 for isolated Co impurity.
pling points around each atomic site of the clusters in thé/lore recently, Stefanou, and Papanikoffostudied this
numerical integrations, we achieved sufficient convergenc@roblem by performing self-consistent LSD calculations for
in the SCC process. In recent years, the inclusion of th&ll the 3 elements embedded in jellium host and concluded

gradient corrections to the LSD functionals has led to excelfhat single Co should be nonmagnetic in Cu. As seen in
lent results for the binding energies of molecules andl@ble I, our cluster model calculation shows that the mag-
solids26-28but no improvement on the magnetic moment had'€tic moment of single Co in Cu is almost completely

been made as compared with experiméhts.present study, dueénched with a very small moment of 006, which is in
we have not considered the nonlocal corrections. agreement with the result of Stefanou and Papanikolaou and

the SSC result of Podloucksgt al. and with the anomalous
Hall-effect measurement made by Kramer and Bergrifann
which indicated that Co impurities in disordered Cu films are
We first studied the embedd&?}, Cu,; cluster with bulk  nonmagnetic. Since we don’t know the calculation details of
interatomic spacing. By starting with an initial magnetic con-the KKR methods of Podlouckst al,***!it is hard for us to
figuration of the Cu atoms and performing a spin-polarizedcomment on the discrepancy between our result and the ICC
self-consistent calculation, we obtained an approximatelyesult of them. By comparing the magnetic moments and the
bulklike paramagnetic stat@see Table )l for Cu,s cluster.  Mulliken populations for the Cu atoms at corresponding
The very small magnetic moment per atof@mbout 0.06 shells in the Cy; and the CoCy, clusters, we can see that
ugl/atom can be explained simply as the requirements of theCo has influence mainly on the first two shells of neighbor-
odd number of electrons in the cluster and the size and geng Cu atoms.
ometry of the cluster. Figure 1 shows the density of states While the magnetism of single Co in Cu is completely
(DOYS) for this cluster, which is obtained by a Lorentzian quenched, larger Co clusters in Cu matrix are still magnetic
broadening of the discrete energy levels and a summatiowith reduced moments as compared with the corresponding
over them. The broadening width used in this study is 0.2 eVfree onegsee Table)lL The reduction ratios for the magnetic
for all DOS's. As seen from the figure, our DOS well repro- moments of the Cq (N=1, 13, 19, and 4Bclusters in Cu
duces the valence band spectrum obtained by an x-ray phe+e found to be 98, 16, 6, and 10 %, respectively, which do
toemission spectroscopy stifdyfor bulk Cu. This cluster, not decrease monotonically with the increasing size of Co
therefore, seems to be reasonable to represent the bulk Cu fdusters. Since the reduced moments for the CgCu
dealing with the local problems in it. Co45Cusq, and Caq3Cuy, clusters are mostly from the out-
Now let's examine the influence of the Cu matrix on the ermost shell of Co atoms, we can correlate their reduction
magnetic properties of various sizes of Co clusters with ouratios to the surface-to-volume ratio of Co particles, or the
embedded cluster models. Our main results are presented iiatio of the number of surface Co atoms to the total number
Table | and in Figs. 2—4. of Co atoms in the Co cluster. In fact, the surface-to-volume
For comparison, Table | also includes our results for freeratio for Co in CoCu,, C0,5CuU3q, and CqzCuy, clusters
0, Coy (N=13, 19, and 48clusters, the bond lengths of are, respectively, 100, 92, and 56 %, in just the same se-

DOS(arb. units)

Energy(eV)

FIG. 1. Comparison of calculated DOSolid curve for Cuys
cluster with experimental valence band spectiaimshed for bulk
Cu.

Ill. RESULTS AND DISCUSSIONS
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FIG. 2. Total density of states for Co particles(#) CoCu,,, FIG. 4. Local density of states for central Co atom (&f)
(B) C035CUs, (C) COygCUy,, and (D) CogCuy, clusters.Eg de-  COCUs2, (B) C015CUz0, (C) CO16CUz4, and(D) CoysCuy; clusters.

notes the Fermi level.
Co atoms and the nearest shell of Cu atoms are ferromag-

. . etic in this cluster while such interactions are antiferromag-
guence as the reduction ratios for the moments of these Co_,.~ . . . .
clusters. For the Cu., cluster the reduced moment netic in all the rest clusters. This ferromagnetic coupling re-
: CRCU, ; ults in an enhanced moment for the outermost shell of Co
comes mostly from the next outermost shell of Co atoms an . .
attoms in CqyCu,, compared with the free Gg.

the outermost shell of Co atoms have an even larger moment . .~ . . f ble | that th f
compared with free Cy. This is because in Gg there are It is interesting to note from Ta le | that the moments for
' the outermost shell of Co atoms in the g@nd the Caqg

only six Co atoms at the outermost shell and thus parts of C8Iusters are depressed to a greater extent when surrounded by

atoms at the next outermost shell are exposed to the CPerromagnetic Co atoms than by nonmagnetic Cu atoms.

atoms and act as the surface atoms. With this consideratiol:lhis can be seen by comparing the magnetic moments for
in mind, we can say that the reduction ratio for the momenﬁtree Coys and Co (zusters witr? Ca.Cu gor Co-.Cu
of Co,qin Cu is also proportional to the surface-to-volume and Withacorrespo?lding portions of fsreegzgcclustelﬁ WI‘?iAC,h

ratio of the cluster. It follows that clusters of a specific sizeCan be viewed as GaCos, Or C014C054, and the practical
but different symmetric geometries may show very different : . 30 19~ 24 pract
magnetic depression by Co should be even larger since the

reduction ratios in the magnetic moments because of Verk. "o distance used for the caand Coy fragments in the
- 9

different surface-to-volume ratios if there were a way to em- .
bed them in the same matrix. This conclusion can be helpfuﬁ‘:043 cluster(bulk valug is longer than those for the corre-

for material design. Another exception for the Q0u,, sponding Cgs and Coy clusters (optimized values and

cluster is that the interactions between the outermost shell &gereby 'overest|mated their magnetic moments. As the
0-Cu distance we take for the @€usy and CoCuyy

clusters(4.78 a.u) is only slightly longer than the Co-Co
I distance for Cg; cluster(4.73 a.u), it's hard to attribute this

fce-Co Er result to the difference in Co-Co and Co-Cu bond lengths.
| We argue that this result may be due to the difference in
Co3d-Coxd and Co3dl-Culd hybridizations.

Another interesting result is that the magnetic moment for
I the central Co atom of the GgCu,, cluster is even larger

| than that for the central Co atom of free ga@luster. Similar

- anomalous enhancement of magnetic moments has also been
shown for Fe atoms at the center of Fe clusters embedded in

- C0asCuta Cr (Ref. 19 or Cu(Ref. 19 matrices, and for Fe atoms in the
m middle of the Fe slab of the Fe/Cr multilay€fs>® but no
| explanation has been given.
L W Our results are somewhat different from the cases of car-
bonyl or helium ligated Ni cluster®3’where both the LSD

I R R R calculations and experimental magnetization studies indi-
-0 8 6 4 -2 O 2 4 cated that the magnetic moments of the Ni atoms at the sur-
Energy(eV) face of various sizes of Niclusters \ up to 147 are almost
completely quenched by the surrounding carbonyl or helium
FIG. 3. Comparison of the density of states for bulk fcc Co andligands, while the innercore Ni atoms are relatively unaf-
the local density of states for central Co atom of,§2u,, clusters.  fected.

DOS(arb. units)
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Recently, Samanrgt al>® and Pizziniet al®>” made x-ray trons may transfer either from Co to Cu or from Cu to Co,
magnetic circular dichroism(XMCD) measurements on depending upon the specific environment of the atoms. For
Co/Cu and Fe/Cu multilayers at tieedge of copper, which the CoCuy, and Caq3Cuy, clusters, there is less than one
allows to probe the induced spin polarizations on the Cuwelectron migrating from Catto Cud. However, about
atoms and to distinguish between @uand Cu4 states. 2.4e and 4.k charges are found to transfer from Q43 to
According to these experimental measurements, thel8c- Co3d4p in Co,3Cus; and CogCuy, clusters, respectively. In
trons of Cu atoms are polarized parallel to tiierBoment of  addition, there is also considerable charge redistribution be-
Co, whereas the ptof Cu are antiparallel. As seen from tween different shells of Co atoms and among different
Table I, the calculated magnetizations for Cu atoms in allatomic orbitals of the same atom in all embedded clusters.
embedded clusters we considered show the similar spin pdrhese results are different from those of Fe particles in Cr
larizations to these experimental observations. This resulind Cu matrice$’'® where small charge transfer is found
and the above-mentioned moment enhancement shared bgtween Fe and Cr or Cu.
both the granular systems and the multilayers are consistent

with lt(r;e original suggestion of_ Berkqwnet a_ll. and X|a_o V. SUMMARY
etal”™” that granular magnetic solids might be giant-
magnetoresistive in the similar mechanism to multilayers. In this paper, we have performed a comprehensive first-

Figure 2 shows the total density of stai@&0S) for the  principles study on the magnetic properties of\Cdusters
Co clusters in Cu matrix. The exchange splittings are esti{N=1, 13, 19, and 48embedded in copper matrix. Single
mated to be 0.0 eV for single Co, 1.2 eV for Goand 1.6  Co atom in Cu matrix is found to be nonmagnetic, which is
eV for both Cog and Cay clusters in Cu. By a KKR or in agreement with previous theoretical studfe€and abnor-
augmented spherical way&SW) band structure calculation, mal Hall-effect measuremefitwhile all of the rest Co clus-
Moruzziet al. obtained an exchange splitting for bulk fcc Co ters in Cu matrix are still magnetic with reduced moments.
to be 1.5(Ref. 25 or 1.7 eV (Ref. 40, respectively, in good The reduction ratio does not decrease monotonically with the
agreement with our results for Goand Cq; clusters in Cu. increasing size of Co clusters and is correlated to the surface-

In Fig. 3 we present the DOS of an ASW band structureto-volume ratio of the Co clusters. It is found that the central
calculation for bulk fcc C4° Compared with the total DOS Co atom of Co clusters has an enhanced moment when em-
for the Co clusters in Csee Fig. 2, we see little similarity bedded in Cu matrix. Similar enhancement in the magnetic
between them. Since the central atom of a cluster is the mostoment was also found for the central Fe atoms of Fe clus-
representative of the bulk counterpart, we expect that théers embedded in QRef. 19 and Cu(Ref. 19 and for the
local DOS for the central Co atom of the Co clusters in CuFe atoms in the middle of the Fe slab of the Fe/Cr
matrix would show some similarity to the bulk DOS of fcc multilayers3*% The Cu atoms in granular Co/Cu system is
Co and the similarity would increase with increased size ofound to have similar spin polarizations to Cu atoms in
the cluster. Figure 4 is the local DOS for the central Co atonCo/Cu multilayers®3° Finally, significant charge transfers
of the Co clusters in Cu matrix. One finds that the local DOSare found both between different shells of Co and Cu atoms
for the central Co atom of Ca cluster in Cu is very similar and between different orbitals of the same atom.
to the bulk DOS of fcc Co in the band width and correspond-
ing peaks, as is separately shown in Fig. 3 for clearer com- ACKNOWLEDGMENTS
parison.
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